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It is therefore commonly believed that the TM se-*Department of Medical Biochemistry and Genetics
quence is first detected when it emerges from the ribo-²Department of Chemistry
some and enters the translocon. One possibility is that³Department of Biochemistry and Biophysics
the TM sequence is recognized by a protein compo-Texas A&M University Health Science Center
nent(s) of the translocon, a view that is supported byCollege Station, Texas 77843±1114
the discovery that two translocon components, Sec61a
and TRAM (Rapoport et al., 1996), are adjacent to the
TM sequence as soon as it emerges from the ribosomeSummary
(Do et al., 1996). The TM sequence is also temporarily
adjacent to Sec61b upon leaving the ribosome (LairdPortions of the nascent chain are exposed to the lu-
and High, 1997). Alternatively (or in addition), the TMmen, the cytosol, or neither at different stages during
sequence may be detected via direct exposure to thethe cotranslational integration of a protein into the ER
hydrophobic interior of the bilayer, a view that is sup-membrane, as shown by compartment-specific colli-
ported by the photocross-linking of signal-anchor se-sional quenching of fluorophores incorporated into the
quences (uncleaved sequences that serve as both apolypeptide. The opening or closing of each end of
signal sequence and a TM sequence) to phospholipidthe aqueous translocon pore is tightly controlled and
(Martoglio et al., 1995). Once recognized, the TM se-occurs in a sequence that does not compromise the
quence must be oriented in the proper direction relativemembrane's permeability barrier. Surprisingly, these
to the bilayer and then moved laterally into the mem-structural changes at the membrane are effected by
brane. Although the latter could, in principle, proceedthe transmembrane segment in the nascent protein
via a simple one-step insertion, integration instead ap-from inside the ribosome. Thus, the ribosome, not the
pears to be effected by a multistep process that bothtranslocon, first recognizes the transmembrane seg-
exposes the TM sequence to a minimum of three differ-ment and triggers long-range structuralchanges at the
ent proteinaceous environments within the translocontranslocon that may be involved in shifting its function
and also actively retains the TM sequence of a single-from translocation to integration.
spanning membrane protein at the translocon until
translation has terminated (Do et al., 1996). Yet the
Introduction mechanism by which the system identifies a TM seg-
ment in a nascent membrane protein has not been eluci-
In mammalian cells, ribosomes synthesizing proteins dated, and the component of the ribosome´translocon
destined to be either secreted from the cell or inserted complex that mediates the divergence of the transloca-
into a membrane are targeted to sites on the membrane tion and integration pathways has not been identified.
of the endoplasmic reticulum (ER) termed translocons. Some general features of translocon structure have
This targeting process requires the signal recognition been established, though many important aspects re-
particle (SRP), SRP receptor, GTP, and a signal se- main undefined. Most prominently, a functioning translo-
quence in the nascent protein (for review, see Walter con contains an aqueous pore that spans the entire
and Johnson, 1994; Rapoport et al., 1996). Once the bilayer and is occupied by the nascent chain. This
ribosomes are bound to the membrane, the nascent was shown most directly by incorporating fluorescent
polypeptides are then either cotranslationally translo- probes into nascent secretory proteins in intact translo-
cated across or integrated into the bilayer. The choice cation intermediates and observing spectroscopically
of nascent chain±processing pathway, translocation or that these probes were in an aqueous environment
integration, is mediated by the appearance in a nascent (Crowley et al., 1993, 1994). Conductivity measurements
membrane protein of a transmembrane (TM) sequence, (Simon and Blobel, 1991) are also consistent with an
a stretch of 20±24 nonpolar amino acids that ultimately aqueous pore. The pores have recently been visualized
resides in the hydrophobic interior of the bilayer. Na- as ring-like structures using the electron microscope
scent polypeptides lacking such a sequence will be (Hanein et al., 1996), and the diameter of the aqueous
translocated across the ER membrane, whereas poly- pore through the translocon has been found to be un-
peptides containing a TM sequence will be inserted into usually large (Hanein et al., 1996; Hamman et al., 1997).
the bilayer. A ribosome cannot tell in advance whether The existence of a hole through each translocon high-
it is synthesizing a nascent secretory or nascent mem- lights another structural issue: how is the permeability
brane protein, and ribosomes synthesizing the latter are barrier between the cytosol and the ER lumen main-
frequently targeted to the ER membrane before the TM tained by the ER membrane? Collisional quenching ex-
sequence has been synthesized and appears in the na- periments using fluorescent probes in the nascent chain
scent chain (e.g., Kehry et al., 1980; McCune et al., 1980). showed that the nascent chain is not exposed to the
Thus, the selection of pathway most often, if not al- cytosol during translocation because the ribosome
binds tightly to the translocon and seals the cytosolic
end of the pore (Crowley et al., 1993, 1994). Furthermore,§These authors contributed equally to this work and are listed alpha-
betically. the nascent chain is sealed off from both the cytosol and
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the ER lumen immediately after targeting, presumably as Probes located in an aqueous space that is contigu-
ous with the cytosol are identified by adding iodide ionsa safety mechanism to ensure that the pore is not
opened to the ER lumen prematurely, before the tight to a sample. Since iodide ions are efficient collisional
quenchers of NBD emission, direct contact betweenribosome±membrane junction is properly formed on the
cytosolic side of the membrane (Crowley et al., 1994). iodide ions and NBD is revealed by a reduction in emis-
sion intensity that is linearly dependent on iodide ionHowever, while this structural arrangement suffices for
the translocation of a simple secretory protein, the inte- concentration (Crowley et al., 1993, 1994). If no quench-
ing is observed, then the probes are not exposed to thegration of a polypeptide into the ER membrane is more
complicated. In particular, what happens to the tight cytosol. The location of such noncytosolic probes can
be examined further by introducing iodide ions into thejunction between the ribosome and the translocon when
a cytoplasmic domain of a nascent membrane protein ER lumen using perfringolysin O (PFO), a bacterial cyto-
lytic toxin that binds to and forms holes in cholesterol-emerges from the ribosome? The ribosome±membrane
seal is presumably broken when such a domain moves containing membranes (Tweten, 1988). Probes located
in an aqueous space that is contiguous with the ERinto the cytosol, but if so, how are small ions prevented
from diffusing through the pore? lumen will then be quenched by iodide ions after the
addition of PFO, while no PFO-dependent quenching ofThe experiments reported here reveal that the perme-
ability barrier is maintained by an ordered and highly fluorescence will beobserved if the probes in the sample
are not exposed to the ER lumen (Crowley et al., 1994;precise sequence of structural changes on both sides
of the ER membrane that ensure membrane integrity. Hamman et al., 1997). Since iodide ions cannot cross
the nonpolar interior of a membrane (Cranney et al.,These changes are elicited by the appearance of the TM
sequence in the nascent chain, but quite unexpectedly, 1983), this collisional quenching approach constitutes a
directmethod to identify in which aqueous compartmentthey occur when the TM sequence is in the ribosome,
not in the translocon. It therefore appears that the TM the probes are located.
To simplify the interpretation of the quenching data,sequence is first detected by the ribosome, and this
initiates structural changes at the translocon that may we have constructed membrane-protein chimeras that
contain only one or two lysine codons at different loca-signify the divergence of the translocation and integra-
tion pathways. tions relative to the TM segment (Figure 1A). The TM
segment from the vesicular stomatitus virus G glycopro-
tein was chosen because a lysine substitution at the
Results middle of the native hydrophobic sequence did not im-
pair its ability to integrate into the bilayer (Do et al.,
Experimental Design 1996). A cleavable signal sequence was added to the
Fully assembled integration intermediates can be pre- N-terminus of the fusion protein to ensure both proper
pared by in vitro translation, in the presence of SRP and targeting and a type I orientation. To facilitate the deter-
ER microsomes, of mRNAs that are truncated in the mination of the topography of the integrated membrane
coding region. Ribosomes halt when they reach the end protein, a fragment of mature S. cerevisiae invertase
of such mRNAs, but they do not dissociate from the containing three N-linked glycosylation sites was fused
mRNAs because the absence of a stop codon prevents to the C-terminal end of the TM segment. The predicted
normal termination from occurring (e.g., Krieg et al., locations of the eNBD-lysines in the integration interme-
1989; Do et al., 1996). Thus, the nascent chain remains diates used in this study are depicted in Figure 1B.
bound to the ribosome as a peptidyl-tRNA, and its length
is dictated by the length of the truncated mRNA.
To assess the exposure of the nascent membrane Integration and Orientation of Membrane Proteins
When full-length 111p was synthesized in the presenceprotein to the cytosol and ER lumen at different stages
during the integration process, fluorescent probes were of eNBD-[14C]Lys-tRNA, SRP, and microsomes, the ap-
parent Mr of the major product was 2.4 kDa smaller thanpositioned at specific sites in the nascent chain. This
was accomplished by translating a truncated mRNA in that of the polypeptide translated in the absence of SRP
(Figure 2A, lanes 1 and 2), thereby showing that signal-the presence of Ne-[6-(7-nitrobenz-2-oxa-1,3-diazo-4-yl)
aminohexanoyl]-Lys-tRNA (eNBD-Lys-tRNA) and thereby sequence cleavage at the N-terminus had occurred in-
side the ER lumen. Since the Mr of 111p was not alteredincorporating fluorescent lysine analogs into the na-
scent chain wherever in-frame lysine codons occur in by exposure to endoglycosidase H (Endo Hf) (Figure 2A,
lane 3), the full-length 111p was not glycosylated, andthe mRNA (Crowley et al., 1993). The location of a fluo-
rescent probe relative to the ribosome and the ER mem- hence, its C-terminal portion containing the three
N-linked glcosylation sites remained on the cytosolicbrane is therefore dictated both by the length of the
nascent chain and by the position of the lysine residue side of the membrane. Thus, despite the presence of
an eNBD-Lys in the TM segment, 111p was integratedwithin the nascent chain. In an integration intermediate,
the location of a probe with respect to the bilayer is into the membrane in an N-lumenal/C-cytosolic (type I)
orientation as expected. This conclusion was corrobo-also affected by its position relative to a TM segment
because after reaching the translocon, the TM segment rated both by the insolubility of mature 111p in carbon-
ate (Figure 2A, lanes 4 and 5) and by the sensitivity ofwill only move laterally in the plane of the membrane.
Thus, to assess the integrity of the ER permeability bar- its C-terminus to proteinase K added to the cytosolic
side of the membrane (data not shown).rier, we have positioned eNBD-lysines both within and
on either side of the TM segment. Similarly, full-length 121p, with eNBD-lysine residues
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Figure 2. Protein Topography
Full-length mRNAs were translated for 111p (A), 121p (B), 141p (C),
and 120.5p (D) in the presence of either eNBD-[14C]Lys-tRNA (A and
B) or [35S]Met (C and D; equivalent results were obtained if proteins
were labeled with eNBD-[14C]Lys) and either EKRM (A, C, and D) or
PFO-treated EKRM ([B]; the same results were obtained using
EKRM). Signal sequence±cleaved proteins are indicated by arrows
in all panels, and the arrowheads identify glycosylated proteins in
Figure 1. Membrane Proteins and Integration Intermediates (D). In (A), (B), and (C), polypeptides extracted with carbonate are
(A) The primary structures of the fusion proteins used in this study shown in lane 5 (S), while the nonextracted proteins in the carbonate
are depicted to show the location of topogenic sequences and all pellet are shown in lane 4 (P). The Mr of the peptide in lane 6 of (C)
lysines (closed diamond). SP contains 61 residues from the is equivalent to that of the 141p peptide containing the N-terminal
N-terminus of a mutant bovine preprolactin (pPL) that lacks resi- and TM sequences. Lanes 6 and 7 in (C) received twice as much
dues 229 to 222 of natural pPL but retains a functional signal sample as the other lanes.
sequence (shown in black). M contains 21 residues from the vesicu-
lar stomatitus virus G glycoprotein that includes the 20-residue natu-
ral transmembrane (TM) segment (shown in gray). MK contains a
positioned C-terminal of the TM segment, was inte-lysine substitution for the glycine in the middle of M. G contains
residues 96±130 of S. cerevisiae invertase with 3 N-linked glycosyla- grated with a type I orientation into both normal micro-
tion sites (verticle bars). B (shown as striped region) contains resi- somes (data not shown) and PFO-treated microsomes
dues 92±182 of human Bcl-2 protein plus 8 linker residues. Sp9 con- (Figure 2B). Hence, PFO does not interfere with either
tains 81 residues from the N-terminus of another mutant pPL that
integration or translocation (Crowley et al., 1994; Ham-lacks residues 229 to 222 and 26 to 57 and changes residues 220
man et al., 1997). Full-length 141p, with lysine residuesand 219 of natural pPL to Thr and Cys, respectively, but still retains
positioned N-terminal of the TM segment, was also inte-a functional signal sequence (shown in black). In 101p, 48 residues
of polyoma virus middle-T antigen are inserted between SP and MK. grated in a type I orientation, both in the absence (Figure
In 120.5p, the C-terminal half of the TM segment of 121p is removed, 2C) and the presence (data not shown) of eNBD-[14C]Lys-
and the remainder is designated M0.5. tRNA. In contrast, when the C-terminal half of the TM
(B) Each integration intermediate is shown with a ribosome (hatched
segment was deleted from 121p, the resulting proteinregion) bound to the translocon proteins (charcoal ovals) in the
(120.5p) was completely translocated, as shown by itsbilayer (gray). The nascent chains in the intermediates are depicted
as a line with eNBD-lysine(s) (closed diamond) and, in some cases, complete glycosylation and by its complete protection
a TM segment (black rectangle). When present, the signal sequence from digestion by cytosolic proteinase K (Figure 2D).
is represented by the sawtoothed stretch at the end of the nascent Thus, signal-sequence cleavage, glycosylation, car-
chain. The lengths and identities of the nascent chains are indicated.
bonate extraction, and protease-protection assaysThe locations of the fluorescent probes have been estimated assum-
showed that each full-length fusion protein assumed theing that the C-terminal 40 residues of the nascent chain are inside
predicted topography in the ER membrane, even whenthe ribosome and that it takes 30 residues to span the membrane.
fluorescent-labeled. The fluorescent probes therefore
Cell
34
Table 1. Collisional Quenching of NBD Emission in Integration
Intermediates
NBD-Labeled Membrane Proteins Observed KSV (M21)
2PFO 1PFO
111p86 0.4 1.8
111p88 0.4 0.3
111p91 0.5 0.5
111p93 3.6 3.7
111p130 1.5 1.5
101p135 0.2 2.0
101p140 0.5 0.5
121p93 2.2 2.2a
121p130 3.5 3.6
121p171 3.3 nd
121p232b 3.6 nd
131p56c 20.2 0.1
131p72c 0.6 2.2
131p106 0.5a 2.0
141p135 0.3 2.8
141p237b 0.4 2.0
120.5p81 0.3 2.2
120.5p100 0.2 1.4
120.5p118 0.2 2.8
Sample preparationand data analysis are described in Experimental
Procedures. The KSV values shown above are the average of 2±4
independent experiments and have an uncertainty of 0.2 M21 or
less, except where indicated. nd, not determined.
a Uncertainties are 0.3±0.4 M21.
b Samples were washed with high salt and EDTA prior to gel filtration.
c Taken from Crowley et al., 1994.
did not interfere with proper processing of the fusion
proteins.
Figure 3. Iodide Ion Quenching of NBD-Labeled Integration Inter-
The Nascent Membrane Protein Is Initially mediates
Not Exposed to the Cytosol Samples containing NBD-labeled 111p86 (A), 111p91 (B), or 111p93 (C)
To assess the cytosolic exposure of the nascent chain bound either to free ribosomes (open triangle) or to membrane-
bound ribosomes (closed circle, open circle) were divided into fourafter its targeting to the ER membrane, quenching ex-
equal aliquots and then exposed to different concentrations of KIperiments were performed on membrane-bound ribo-
while keeping the ionic strength constant (Crowley et al., 1994). Fosomes containing short NBD-131p nascent chains. The
is the net fluorescence intensity prior to addition of KI, and F is the
N-terminal 84 residues of 131p are identical to those of net dilution-corrected fluorescence intensity at a given concentra-
pPL-ssK, a secretory protein examined earlier (Crowley tion of KI prior to (closed circle) and after (open circle) the addition
et al., 1993, 1994). As expected, the quenching data of PFO. The linear least-squares best-fit lines for the data obtained
in one experiment (A and B) or averaged from three experimentsobtained with short 131p nascent chains were identical
(C) are shown, and the averaged results are shown in Table 1.to those obtained with short pPL-ssK nascent chains.
Specifically, the fluorescence of the NBD-131p56 inter-
mediate was not quenched by iodide ions located either
in the cytosol or in the ER lumen (Table 1). In contrast, of the pore was still open to the lumen (Table 1). The
small extentof 2PFO quenching observedin this samplewhen an intermediate with a longer nascent chain (NBD-
131p72) was examined, quenching was observed, but resulted from cytosolically exposed probes that sur-
vived the extensive purification procedures. These cyto-only after PFO was added to introduce iodide ions into
the microsomes (Table 1). Thus, the aqueous translocon solically exposed probes were in intermediates bound
to ruptured microsomes, in polysomal ribosomes thatpore used by a membrane protein is closed to both the
cytosol and the ER lumen immediately after targeting had not properly engaged with the translocon, or in
nascent chains that had been released from ribosomesand is open to the lumen after the nascent chain reaches
a length of about 70 amino acids. The integration inter- and were adsorbed to the microsome surface (Hamman
et al., 1997). Thus, the 4-fold increase in the extent ofmediate is therefore identical to the translocation inter-
mediate at this stage of processing. quenching (KSV) after PFO was added to the 131p106
sample shows that the probes, and hence the nascentAfter the entire TM segment of 131p was synthesized,
the ribosome±membrane junction of the 131p106 integra- chains, in intact 131p106 integration intermediates, are
exposed to the lumen but not to the cytosol.tion intermediate was still sealed, and the lumenal end
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The same results were obtained when the fluorescent extending the 111p polypeptide by only two more resi-
probe was positioned in the middle of the TM segment dues. Nascent-chain exposure to the cytosolwas shown
in the 111p86 integration intermediate (Figure 3A; Table by the quenching of NBD-111p93 fluorescence when
1). The 4.5-fold increase in KSV after the addition of PFO iodide ions were added to the sample before any PFO
indicates that the hydrophobic TM segment of the na- was added (Figure 3C; Table 1). Quenching of the probe
scent chain, like its hydrophilic portions, is exposed in the middle of the TM segment therefore occurred
to the lumenal, but not the cytosolic, side of the ER while iodide ions were limited to the cytosolic space or
membrane. Since the quenching of NBD-111p86 was the spaces contiguous with the cytosol. This observation
same in free ribosomes and ribosomes bound to PFO- was not dependent on the location of the probe because
treated microsomes (Figure 3A), the quenching of the similar results were obtained with 121p93, which has two
probe at this location in the intermediate is not de- eNBD-lysines positioned C-terminal of the TM segment
tectably affected by the presence or absence of the (Table 1). Since the nascent chain becomes accessible
bilayer. to the cytosol at this stage of the integration process,
it appears that the ribosome±membrane junction is
opened sufficiently to allow iodide ion passage fromThe Translocon Pore Is Sealed Off from
the cytosol into the ribosomal nascent-chain tunnel andthe ER Lumen Shortly After the TM
translocon. The structural change that makes these twoSegment Is Synthesized
aqueous spaces contiguous is triggered by the TM seg-When we examined integration intermediates of 111p
ment in the nascent chain and not by the length of thewith slightly longer nascent chains (111p88 and 111p91),
nascent chain because the ribosome±membrane junc-we were surprised to find that the PFO-dependent fluo-
tion was sealed in other integration intermediates withrescence quenching disappeared (Figure 3B; Table 1).
longer nascent chains (see 101p135 and 101p140 in TableThe observed inaccessibility of the probe to iodide ions
1). Thus, the ribosome±membrane junction is openedwas not due to its location in the nascent chain and/or
to the cytosol after the nascent chain is extended inribosome because the same probe in a free ribosome±
length by five residues more than is necessary to triggernascent chain complex was accessible to iodide ions
the closing of lumenal end of the translocon pore.(Figure 3B, dashed line) and because the similarly lo-
cated probes in the pPL-sK78 secretory protein translo-
cation intermediate were completely accessible to lu-
Gating and Cytosolic Exposure Are Not Elicitedmenal iodide ions (Crowley et al., 1994; Hamman et al.,
by Only One-Half of a TM Segment1997). The disappearance of PFO-dependent quenching
In our previous studies of cotranslational translocationtherefore results from the closing of the lumenal end of
across the ER membrane, we did not observe any na-the aqueous pore, possibly via the same gating mecha-
scent secretory protein exposure to thecytosol (Crowleynism that seals the lumenal end of the pore immediately
et al., 1993, 1994; Hamman et al., 1997), even thoughafter targeting.
some nascent chains contained the same signal se-It is important to note that the gating of the lumenal
quence and had lengths and probe locations similar toend of the translocon was effected while the length of
the nascent membrane proteins examined here. Thisthe nascent chain increased by only two residues. The
suggests that the TM segment is the critical structuralmechanism that triggers lumenal gating is therefore very
feature of the nascent chain for initiating the aboveprecise. Furthermore, this structural change constitutes
a complete commitment by the system, since the lu- changes in ribosome´translocon conformation. To test
menal end of the pore goes from completely open this possibility, we prepared 120.5p, a fusion protein
(1PFO KSV is the same as that of free ribosomes) to that is identical to 121p except that the C-terminal half
completely closed (1PFO KSV is the same as 2PFO KSV). of the TM segment was deleted (Figure 1A). The re-
Is the observed resealing of the lumenal end of the maining half of the TM segment was not recognized as
pore regulated by the length of the nascent chain? To an intact TM segment because full-length 120.5p was
examine this possibility, we used another protein, 101p, translocated completely into the ER lumen (Figure 2D).
that had an additional 49 residues inserted between the When the emission intensities of intermediates con-
signal sequence and the TM segment (Figure 1A). The taining NBD-120.5p81, NBD-120.5p100, or NBD-120.5p118
fluorescence of probes in membrane-bound ribosomes were examined, no quenching by cytosolic iodide ions
containing nascent 101p135 was quenched after addition was observed. However, quenching was observed after
of PFO, but the emission intensity of the slightly longer the membrane vesicles were permeabilized by the addi-
nascent 101p140 nascent chains was not (Table 1). Since tion of PFO (Table 1). In these 120.5p intermediates, the
111p91 and 101p140 have the same number of residues half-TM segment is positioned near the locations of the
between the TM segment and the tRNA, the closure of TM segment in 111p nascent chains containing 93, 112,
the lumenal gate appears to be dictated by the position and 130 residues, yet no cytosolic exposure was ob-
of the TM segment within the ribosome rather than by served with any of the 120.5p nascent chains. Thus, it is
the total length of the nascent chain. clear that the system can distinguish between stretches
of 11 and 20 nonpolar residues in terms of eliciting
changes at the translocon, and both the biochemicalClosure of the Lumenal Gate Is Followed by the
and spectroscopic data show that one-half of a TMOpening of the Ribosome±Membrane Junction
sequence is insufficient to initiate the integrationTo our surprise, the sealed compartment containing the
111p91 nascent chain was opened to the cytosol after process.
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The Changes in Translocon Structure Are Triggered
while the TM Segment Is Inside the Ribosome
The quenching experiments show that sequential
changes occur at the two ends of the translocon as the
C-terminal end of the intact TM segment moves from 4
to 9 residues away from the tRNA. Since the ribosome
protects z40 aminoacids of nascent chain from proteol-
ysis (Malkin and Rich, 1967; Blobel and Sabatini, 1970),
the entire TM segment of each nascent chain in the
above intermediates is predicted to be inside the ribo-
some. To ascertain whether this presumption is correct,
we decided to determine directly which proteins are in
close proximity to the TM segment in these integration
intermediates by using photocross-linking. A particular
advantage of our approach is that by using a modified
Lys-tRNA to incorporate a photoreactive moiety into
the nascent chain, the fluorescent and photoreactive
probes will be examining the same sites in a particular
intermediate.
Photoreactive probes were incorporated into the mid-
dle of the TM segment of different 111p nascent chains
by translation in the presence of Ne-(5-azido-2-nitroben-
zoyl)-Lys-tRNA (eANB-Lys-tRNA). These integration in-
termediates were photolyzed and then analyzed for
translocon-specific cross-linking by immunoprecipitat-
ing the samples with antiserum specific for Sec61a or
for TRAM. No cross-linking between the TM segment of
nascent 111p and either Sec61a or TRAM was observed
until the nascent chain was 130 residues long and the
probe in the TM segment was 56 amino acids away from
the tRNA (Figure 4A). When theprobe in the TM segment
was separated from the tRNA by 97 residues, TRAM
was still a cross-linking target, but Sec61a was not (Fig-
ure 4A, lanes 5 and 10). The disappearance of pho-
tocross-linking to Sec61a with the longer nascent chain
(111p171) is similar to that observed previously (Do et al.,
1996). Thus, the TM segment of 111p was not adjacent
to Sec61a and TRAM when the changes in fluorescence
quenching occurred (111p88±111p93). Furthermore, no
photoadducts were found in the carbonate pellets of
the 111p86, 111p91, and 111p93 intermediates, thereby
indicating that these nascent chains did not react cova-
Figure 4. Photocross-Linking of 111p Nascent Chainslently with, and hence were probably not adjacent to,
(A) Integration intermediates were prepared using eANB-Lys-tRNAany ER membrane proteins (data not shown).
and photolyzed as described in Experimental Procedures. Photoad-
ducts were detected by immunoprecipitation with antiserum spe-Changes in Photocross-Linking Correlate
cific for either Sec61a (lanes 1±5) or TRAM (lanes 6±10). Nascent-
with Changes in Collisional Quenching chain length is indicated at the bottom of each lane. (B) Samples
We therefore compared photoadduct formation in free were prepared with eANB-Lys-tRNA either in the absence (lanes 1±5)
and membrane-bound ribosomes that contained 111p or presence (lanes 6±10) of EKRM and SRP and then photolyzed.
Photoadducts containing putative ribosomal proteins are identifiednascent chains. Two major radioactive bands of 30 and
with a downward or upward arrow (p10 or p20, respectively) or an48 kDa were seen when the C-terminal residue of the
upward arrowhead (p41). Sec61a- and/or TRAM-containing pho-TM segment was 2 amino acids away from the tRNA
toadducts are identified with a downward open arrow in lanes 9 and
(111p86; Figure 4B, lanes 1 and 6). The 30 kDa species 10. The upward open arrow in lane 9 indicates the photoadduct
is not a photoadduct because its Mr did not change as formed with an unknown protein. The radioactive species identified
the nascent chain increased in size (Figure 4B, compare with a downward arrowhead is not a photoadduct (see text).
lanes 1±10), and it was also present in samples that did
not receive either UV light or eANB-Lys-tRNA (data not
20,000 (designated p20; Figure 4B, lanes 2 and 7). Strik-shown). The target protein in the 48 kDa band was esti-
ingly, this change in photocross-linking correlates withmated to have an Mr of 41,000 and was designated p41.
the closing of the translocon pore to the ER lumen.When the TM segment moved five residues further along
Furthermore, when the TM segment of 111p moved tothe nascent chain pathway (111p91), the cross-linking to
the position that elicited the opening of the ribosome±p41 was preserved, but the TM segment also now cross-
linked to a new target protein with an estimated Mr of membrane junction (111p93), a new target protein with
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an estimated Mr of 10,000 (designated p10; Figure 4B,
lanes 3 and 8) was cross-linked in addition to p20 and
p41. A small amount of p10 was occasionally cross-
linked to 111p91 (Figure 4B, lane 2), but the photocross-
linking of p10 to 111p93 was much higher.
When the TM segment emerged from the ribosome
and entered the translocon pore, as evidenced by the
cross-linking to Sec61a and/or TRAM (Figure 4A; lanes
4, 9, and 10), no photoadducts were observed that were
consistent with 111p130 or 111p171 reacting covalently
with p10, p20, or p41 (Figure 4B; lanes 9 and 10). Endo
Hf digestion showed that bands at 16±24 kDa in lanes
9 and 10 of Figure 4B were glycosylated 111p130 and
111p171 nascent chains caused by a small fraction of
nascent chains that had been released and translocated
completely across the ER membrane (data not shown).
However, photoadducts to Sec61a and TRAM were now
visible in those samples containing membrane-bound
nascent chains (Figure 4B; lanes 9 and 10). In addition,
111p130, but not 111p171 or the shorter nascent chains,
was cross-linked to a protein with an estimated Mr of
16,000 (Figure 4B, lane 9) in the presence of micro-
somes.
Thus, the cross-linking data indicate that the TM seg-
ment is inside the ribosome both when the lumenal end
of the translocon pore is closed and when the cytosolic
end is opened. This conclusion is based on both the
absence of cross-links to translocon proteins for inte-
gration intermediates with 111p nascent chain up to 93
residues in length and the equivalence of the cross-
linking seen for these nascent chains in the presence
and absence of membranes (Figure 4B, compare lanes
1±3 with 6±8). We therefore conclude that p10, p20,
and p41 are ribosomal proteins and not ER membrane
proteins. Because the TM segment of 111p is still lo-
cated inside the ribosome when the sequential confor- Figure 5. Iodide Ion Quenching of Integration Intermediates with
the TM Segment in the Transloconmational changes at the translocon occur, these
changes must be initiated and controlled from inside Samples containing NBD-labeled 121p130 (A), 141p135 (B), or 111p130
(C) bound either to free ribosomes (open triangle) or to membrane-the ribosome. Since the absence of cross-linking does
bound ribosomes either prior to (closed circle) or after (open circle)not rule out proximity, it is conceivable that a portion
the addition of PFO were examined for quenching as described inof an ER membrane protein extends into the ribosomal
the legend to Figure 3.
tunnel, recognizes the TM segment, and is directly in-
volved in triggering the changes at the translocon.
ions (Figure 5A; Table 1). Thus, the ribosome±membrane
junction was not sealed when the TM segment reached
the translocon. In contrast, NBD dyes positioned N-ter-The Permeability Barrier Is Maintained on
the Lumenal Side of the Membrane minal of the TM segment in a 141p135 intermediate, and
hence on the lumenal side of the ER membrane, wereThe above quenching data show that the closing of the
translocon pore to the ER lumen and the opening of the not quenched byiodide ions added to the cytosol (Figure
5B; Table 1). Since the latter probes were quenchedpore to the cytosol occur in sequence. This would en-
sure that the permeability barrier between the cytosol after the addition of PFO (Figure 5B; Table 1), the aque-
ous pore in the translocon is blocked on the lumenaland the ER lumen is preserved during integration. To
determine whether that barrier is maintained on thecyto- side of the ER membrane at this stage of the integration
process.solic or on the lumenal side of the ER membrane when
the TM segment moves laterally into the bilayer, iodide Consistent with this interpretation, a probe located in
the middle of the TM segment of the 111p130 integrationion±quenching experiments were conducted on several
integration intermediates whose TM segment was in the intermediate could bequenched by cytosolic iodide ions
but at a lower rate than seen in the 111p93 intermediatetranslocon adjacent to Sec61a and/or TRAM, but whose
probes were located at various positions relative to the (compare Figures 5C and 3C; Table 1). These results
suggest that the probe in the translocon is exposed toTM segment.
When NBD probes were located C-terminal of the the cytosol, but the TM segment has moved to a location
within the translocon that reduces iodide ion access toTM segment in 121p130- or 121p171-containing integration
intermediates, they were accessible to cytosolic iodide the probe (cf. TM segment movement observed in Do
Cell
38
et al., 1996). Since PFO addition did not alter the rate
of quenching, the probe in the TM segment is not acces-
sible from the ER lumen.
When full-length integrated proteins were examined,
probes on the cytosolic side of the TM segment were
quenched by cytosolic iodide ions, whereas probes on
the lumenal side of the TM segment were not (Table 1,
compare 121p232 with 141p237). However, when PFO was
added to the latter, quenching was observed (Table 1,
141p237). Thus, the accessibility of the probes in the full-
length integrated proteins confirms that these proteins
are properly oriented in the membrane.
Figure 6. The Translocon Pore Is Precisely Gated during Type IDiscussion
Membrane Protein Integration
Following SRP-dependent targeting to the ER membrane, the na-Six major conclusions can be drawn from the data pre-
scent chain is initially located in an aqueous channel that is sealed
sented in this paper, and each bears directly upon both off from both the cytosol by the tight ribosome±membrane junction
the mechanism and topography of membrane-protein and also the lumen by the as-yet-unidentified gate (represented
here by the diagonally striped rectangle; other components are asintegration at the ER membrane. First, a nascent type I
identified in Figure 1). After the nascent-chain length increases tomembrane protein is exposed to the cytosol during its
about 70 residues (i), the aqueous translocon pore is opened to thecotranslational integration into the ER membrane. Sec-
lumen to allow the exocytoplasmic domain to enter the ER lumen.ond, this exposure is preceded by a closing of the aque-
The TM segment of the nascent chain is completely synthesized
ous translocon pore on the lumenal side to maintain the without changing translocon pore accessibility (ii), but after the
permeability barrier. Third, the sequential closing and C-terminal end of the TM segment is 4 residues from the tRNA, the
lumenal end of the pore is completely closed (iii). After five moreopening of the lumenal and cytosolic ends of the pore,
residues have been added to the nascent chain, the ribosome±respectively, are mediated by an intact TM segment
membrane junction is completely open (iv). Although the cartoonwhile it is still inside the ribosome. Fourth, the initial
depicts a very large movement of the ribosome, the actual confor-recognition of the nascent polypeptide as a membrane
mational change may be much smaller. The signal sequence is also
protein, and perhaps the decision to direct the nascent shown in the pore after step (iv), but it may have already left the
chain down the integration pathway rather than the pore. Steps (iii) and (iv) occur while the TM segment is still inside
the ribosome. The TM segment reaches the translocon in step (v),translocation pathway, is made by the ribosome, not
and the signal sequence has been removed, thereby leaving theby the translocon. Fifth, the integration of a polypeptide
N-terminal end of nascent chain in the ER lumen. The nascent chaininto the bilayer requires dynamic changes in the struc-
of this single-spanning membrane protein then remains exposedture of the translocon. Sixth, the permeability barrier
to the cytoplasm as translation continues (vi) and until translation
is maintained by long-range allosteric conformational terminates and integration is complete (vii).
changes that constitute, in effect, a novel type of trans-
membrane signal transduction system. helices in an aqueous medium, it seems likely the ribo-
The fluorescence data reveal that the cotranslational somal nascent-chain tunnel contains a nonpolar surface
integration of a type Isingle-spanning membrane protein that is sufficiently hydrophobic to nucleate the folding
into the ER membrane involves an ordered sequence of of a TM segment into an a helix. When this putative site
events that is depicted and described in Figure 6. The is filled (one-half of a TM segment is not sufficient), a
experimental evidence for the most surprising aspect conformational change in the ribosome is presumably
of this series of events comes from two independent transmitted to the translocon proteins and across the
sources. The fluorescence-quenching data show clearly bilayer to initiate the closure of the lumenal end of the
that the translocon pore is first closed to the lumen and pore. It is conceivable that this transmittal is effected
then opened to the cytosol when the C-terminal end of via a translocon protein that extends into the ribosomal
the TM segment is only 4±9 amino acids away from nascent-chain tunnel, perhaps even far enough to con-
the tRNA. Photocross-linking experiments reveal that tact directly the TM segment. The report by Wang et al.
neither Sec61a nor TRAM is adjacent to the TM segment (1995) that the ribosomal tunnel encloses fewer nascent
at this stage of integration but that some ribosomal chain residues than the z40 residues originally reported
proteins are. The combined data demonstrate that the (Malkin and Rich, 1967; Blobel and Sabatini, 1970) in-
changes in the translocon±ribosome complex are trig- creases the likelihood of this possibility. However, we
gered by the TM segment while it is still inside the ribo- did not observe any cross-linking between translocon
some. This result is quite unexpected, since it is widely components and the TM sequence while it was inside
believed that the TM segment is recognized by the the ribosome. If a translocon protein does extend into
translocon, whereupon translocation is halted and the the ribosomal tunnel, a likely candidate is Sec61b be-
TM segment moves laterally into the phospholipid bi- cause it has been shown to contact nascent chains of
layer (e.g., Singer, 1990). bovine opsin before Sec61a and TRAM do (Laird and
The long-range coupling of the TM segment in the High, 1997).
ribosome and the lumenal end of the pore probably The closure of the lumenal end of the pore is most
involves both ribosomal proteins and translocon pro- likely effected by a conformational change in the translo-
con proteins that either seals one end of thepore directlyteins. Since isolated polypeptides rarely form stable a
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or creates a binding site for a lumenal protein that serves One striking aspect of the mechanisms of cotransla-
as a gate (Figure 6; Crowley et al., 1994). We favor the tional translocation and integration that has been dem-
latter because it would take an exceptionally large con- onstrated by the fluorescence experiments is that the
formational change to closea porewith an internal diam- lumenal and cytosolic ends of the aqueous pore through
eter of 40±60 AÊ (Hamman et al., 1997). However, further the translocon are never open at the same time. While
experimentation is required to determine which, if any, a newly targeted ribosome is formimg a tight junction
of the above speculations are correct. with the translocon, the pore is closed to the lumen and
In a previous study (Do et al., 1996), we discovered remains so until the cytosolic seal is complete (Crowley
that the location of the TM segment in the translocon et al., 1994). Later, when the TM segment is detected
during integration is controlled, at least in part, by the by the ribosome, the lumenal end of the pore is closed
membrane-bound ribosome. Specifically, the TM seg- before the ribosome±membrane junction is opened. As
ment in a single-spanning membrane protein was not translation proceeds, the lumenal end of the pore re-
allowed to diffuse laterally into the bilayer until transla- mains closed while the cytosolic junction remains open
tion was terminated by the ribosome. Although the mo- to allow the newly synthesized cytoplasmic domain of
lecular mechanism that couples the release of the na- the membrane protein to move into the cytosol.
scent chain from the tRNA to the release of the TM Another striking feature of this process is the high
segment into the bilayer has not been identified, it pre- precision of the coupled TM recognition and pore clos-
sumably involves a conformational change in the ribo- ing/opening machinery. Specifically, the lumenal end of
some that alters the conformation of the translocon. the pore goes from completely open to completely
Thus, the data presented both here and previously closed while the nascent chain is extended by only 2
strongly indicate that ribosomes are actively involved in residues (111p86 to 111p88). Similarly, the cytosolic end
regulating the structure and function of the translocon of the pore goes from completely sealed to completely
during cotranslational integration. open while the nascent chain is extended by only 2
An intriguing mechanistic question that arises from residues (111p91 to 111p93). It will be interesting to deter-the data presented here is why structural changes in mine how the system achieves such high precision, par-
the ribosome and translocon are initiated by the TM ticularly since the nascent chain is thought to resemble
segment from inside the ribosome rather than, as every- an unstructured random coil and have no defined con-
one has assumed, from inside the translocon. Stated in
formation inside the ribosome.
other words, what advantages accrue by recognizing
The tightly controlled, sequentially executed struc-
the TM segment inside the ribosome rather than in the
tural changes in the ribosome±membrane complex, to-
translocon? The most likely explanation is that recogni-
gether with the ordered movement of the TM segment
tion by the translocon occurs too late to effect necessary
through translocon (Do et al., 1996), provide direct ex-
structure changes (e.g., gating the lumenal end of the
perimental evidence of how complicated the process ofpore, opening the ribosome±membrane junction, orient-
integration is at the molecular level, even for single-ing the TM segment).
spanning membrane proteins. The cotranslational inser-Another possibility is that nascent-chain exposure to
tion and assembly of multispanning membrane proteinscytosolic proteins may facilitate its folding, processing,
will be even more complicated (e.g., Skach and Lin-or even orientation. For example, it has been reported
gappa, 1993; Lin and Addison, 1995a, 1995b), but thethat the topography of certain membrane proteins in the
combined use of spectroscopic and photocross-linkingbilayer is dependent on the translation system used to
approaches, employing fluorescent and photoreactivesynthesize them, and this suggests that ribosome and/
probes covalently attached to specific sites in the na-or cytosolic factors may be involved in orienting these
scent-chain substrate as detailed here, provides amembrane proteins (Spiess et al., 1989; Lopez et al.,
means to reveal and elucidate further mechanistic de-1990). Consistent with this possibility, an increased pro-
tails of this process.teolysis was observed for the cytosolic loop between
the first and second TM segments during bovine opsin
integration, indicating that this part of the nascent mem- Experimental Procedures
brane protein is exposed to the cytosol during integra-
Plasmids and mRNAtion (Laird and High, 1997). The ribosome±membrane
Construction of the plasmids encoding 101p (pJL101; Johnson etjunction is also transiently opened to the cytosol during
al., 1995), 111p, and 121p (pJL111 and pJL121; Do et al., 1996) havethe cotranslational translocation of apolipoprotein B
been described. Details of the construction of plasmids encoding
(apoB) across the ER membrane (Hedge and Lingappa, 131p, 141p, and 120.5p (pJL131, pJL141, and pJL120.5) are avail-
1996). This opening presumably allows the nascent able upon request. To produce nascent chains of defined lengths,
chain to interact with cytosolic factors that may be re- plasmids were cleaved with restriction endonucleases within the
coding region and transcribed in vitro using T7 RNA polymerasequired for apoBbiogenesis and, when necessary, degra-
according to Gurevich et al. (1991), except that 0.3 mM GTP, 0.5dation (Ginsberg, 1995). Since the permeability barrier
mM diguanosine triphosphate (Sigma) and 0.5 U/ml RNasin (Pro-must be maintained during apoB translocation pausing,
mega) were used. After 90 min of incubation, [GTP] was taken to 3the data reported here suggest that this may be accom- mM for an additional 30 min of incubation.
plished by closing the lumenal end of the translocon
aqueous pore, as was observed during integration (Fig-
Translations
ure 6). Extending the correlation further suggests that Lys-tRNA and eNBD-Lys-tRNA were prepared as described pre-
the pause±transfer sequences in the apoB nascent viously (Crowley et al., 1993). Wheat-germ extract was prepared as
chain may be recognized by the ribosome rather than before (Erickson and Blobel, 1983), except that a final centrifugation
(55,000 rpm, 9 min, 48C, Beckman TLS55 rotor) was added to removeby translocon components.
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residual particulate matter that interfered with the fluorescence GM17828 to J. L. and R01 GM26494 to A. E. J., and by the Robert
A. Welch Foundation (A. E. J.).measurements. Translation mixes contained, per 500 ml, 70 ml
wheat-germ extract, 90±110 mM KOAc (pH 7.5), 3.2 mM magnesium
acetate, 100 U of RNasin, and other components as described Received April 21, 1997; revised June 9, 1997.
(Crowley et al., 1993). Translations were conducted at 268C for 30±40
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